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Small amounts of Al and Mn were introduced to partly substitute for Fe in polycrystalline Terfenol
alloy TbFe2 as Tb~Fe0.9MnxAl0.12x)2(x50 – 0.1). Their effects on structure, magnetic properties,
magnetostriction, and hardness were studied. X-ray diffraction shows that the studied alloys remain
cubic Laves phase. The saturation magnetization increases with Mn content. Curie temperature
dramatically decreases with Mn addition and is further lowered due to the Al replacement. A
magnetostriction of 1890 ppm at 19 kOe was obtained in the modified alloy x50.06.
Magnetostriction value at low field is distinctly greater, especially when x50.04, than that of the
TbFe2 or the Mn/Al. At 1 kOe, the magnetostriction of the x50.04 alloy is 250 ppm compared to,
22 ppm in the base alloy. Addition of both Mn and Al improves the maximum value of dynamic
strain coefficient d33(max) and lowers the corresponding field for Tb~Fe0.9MnxAl0.12x)2 alloys as
compared with the base alloy. When x50.04, d33(max) is 36031029 Oe21, 1.7 times higher than
that of the base alloy, while the corresponding field is 0.562 kOe, 3.1 times lower than that of the
base alloy. © 2000 American Institute of Physics. @S0021-8979~00!08915-5#I. INTRODUCTION
The cubic Laves phase RFe2 compounds ~where
R5rare-earth elements! exhibit giant magnetostriction at
room temperature because of the large spin-orbit interaction
between the electron spin and the spatial-anisotropic
4 f charge cloud.1 However they also have high magneto-
crystalline anisotropy, which necessitates high magnetic
field strengths to saturate the magnetization and
magnetostriction.2 The saturation magnetostriction of TbFe2 ,
known as Terfenol alloy, had been the largest of all materi-
als. In 1974, Clark reported that when TbFe2 and DyFe2
combine as the pseudobinary compound Tb0.27Dy0.73Fe2 ,
known as Terfenol-D alloy, a very high magnetostriction to
anisotropy ratio may be achieved.2 However, in this compos-
ite alloy other intergranular phases may coexist and reduce
the magnetostriction, for example, a rare-earth rich phase or
an iron-rich RFe3 phase.3 The effects on magnetostriction
and mechanical properties due to improvements in phase sta-
bility through partial substitution of iron with other elements
such as Co,4 Mn,5 Al,6 and Be,7 or by adding extra interstitial
elements such as H,8 B,9 and C,10 have been extensively
investigated.
The magnetostrictive properties of the multi-
component alloys Tb0.3Dy0.7Fe2Cx ,10 Tb0.3Dy0.7~Fe12xVx)2,11
Tb0.3Dy0.7~Fe12xCrx)2, Tb0.3Dy0.7~Fe12xCux)2 , Tb0.3Dy0.7
~Fe12xNbx)2 ,12 and Tb0.3Dy0.7~Fe12xBex)2 ,7 have recently
been investigated. Recent research has reported that either
Mn or Al substitution enhances the magnetostriction and me-
chanical strength of the Terfenol-D alloy.5,6 In the present
study, the effect of simultaneous addition of both Al and Mn
on microstructure, magnetic, and magnetostrictive properties
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explored.
II. EXPERIMENT
Ingots of TbFe2 and Tb~Fe0.9MnxAl0.12x)2 (x50, 0.04,
0.06, 0.08, 0.1! alloys were prepared from Tb, Mn, Al, and
Fe of 99.9% purity by arc melting in a cold copper crucible
under an argon atmosphere. To compensate for the volatility
of terbium, the starting compositions were 5 wt % richer in
terbium in order to yield the correct stoichiometry. Each in-
got was remelted at least five times to ensure homogeneity,
and was cast in the form of long rods. The cast ingots were
then sealed in quartz tubes ~the argon pressure is about
1022 – 1023 Torr at room temperature! and homogenized at
900 °C for 1 week.
Phase identification of the alloys studied was conducted
by x-ray diffractometry ~XRD! with Cu Ka ~wavelength
’1.5405 Å! radiation at room temperature. The microstruc-
ture of the alloys studied was examined by polarized light
optical microscopy.
The hardness of the alloys was measured by a micro-
Vickers hardness tester under a load of 500 g holding for
10 s. Magnetic properties of the alloys were examined by a
vibrating sample magnetometer with a maximum applied
field of 19.2 kOe. Curie temperature was measured by ther-
mogravimetric analysis with a heating rate of 20 °C/min.
The magnetostrictive measurements were carried out on
half-cylindrical samples ~diameter 4 mm3length 10 mm! by
the standard strain gauge method, without external stressing
on the samples, in an applied field up to 19.2 kOe at room
temperature. l i and l’ denote magnetostriction measured
parallel and perpendicular to the applied field, respectively.
The magnetostriction value l was calculated by l i minus
l’ , according to other previous investigations.13–15 In iso-1 © 2000 American Institute of Physics
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Downtropic cubic materials, l i2l’5(3/2)ls , where ls is the
saturation magnetostriction coefficient of conventional poly-
crystalline materials.16 The l values measured at 19, 1, and
0.5 kOe are denoted as l19 , l1 , and l0.5 , respectively. The
dynamic strain coefficient d33 was obtained from dl i /dH .
III. RESULTS AND DISCUSSION
Figure 1~a! shows powder XRD patterns of Terfenol and
the modified alloys Tb~Fe0.9MnxAl0.12x)2 . This figure shows
that the alloys studied are comprised mostly of the TbFe2
Laves phase. All peaks observed in the XRD patterns were
indexed, and the lattice constant was calculated, as tabulated
in Table I. Figure 1~b! shows XRD patterns taken directly on
the flat surface of annealed blocks. TbFe2 is the major phase,
indicating that the annealed alloys are single cubic Laves
phase of MgCu2 type. No evidence of the RFe3 phase is
found, but a terbium-rich phase exists in the homogenized
ingots. This phase decreases the magnetostriction and mag-
FIG. 1. X-ray diffraction patterns of TbFe2 and Tb~Fe0.9MnxAl0.12x)2 alloys
taken from: ~a! powder; ~b! flat surface of annealed ingots.loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP linetic saturation. The lattice constant increases with increas-
ing Al concentration ~decreasing Mn content! from 7.3538 Å
(x50.1) to 7.3907 Å (x50).
Our samples are polycrystalline; no attempt was made to
increase the grain size. However, a certain degree of prefer-
ential crystal growth might occur due to the cold copper
crucible in which the melt was solidified. Comparing Fig.
1~b! with Fig. 1~a!, it is manifest that the ingots of x50.06
and x50.04 have a slight @110# and @111# preferred orienta-
tion, respectively. This is true for all the alloys studied. The
degree of preferred orientation ~DPO! may be calculated
from the following equation:
DPO5
*POIPOd~2u!
* totalId~2u!
, ~1!
where I is the intensity integrated over all peaks, and IPO is
the intensity of a specific peak. The integrated intensity of all
peaks is set equal to 1. We then calculate the degree of @110#
preferred orientation to be 50.3% for the x50.06 alloy, and
the degree of @111# preferred orientation to be 36.4% for the
x50.04 alloy.
Figure 2 shows the lattice constant ~a! versus x of the
studied alloys. It can be fit in a simple Vegard’s relationship:
a57.3924– 0.3683x~Å!, ~2!
TABLE I. Lattice constant and the magnetostriction at 0.5, 1, and 19 kOe
for Tb~Fe0.9MnxAl0.12x)2 and TbFe2 alloys.
Alloy
Lattice
constant ~Å!
l0.5
~ppm!
l1
~ppm!
l19
~ppm!
x50 7.3907 23 90 1670
x50.04 7.3742 73 250 1810
x50.06 7.3718 23 120 1890
x50.08 7.3635 30 90 1790
x50.10 7.3558 29 110 1630
TbFe2 7.3438 218 22 1970
FIG. 2. Lattice constant vs x of the Tb~Fe0.9MnxAl0.12x)2 alloys.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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DownIt is well known that Terfenol exhibits giant magneto-
striction, but compressive and shear strengths of this alloy
had seldom been investigated. Prajapati et al.17 reported that
the compressive strength of polycrystalline Terfenol-D might
be improved from 320 to 735 MPa by adding 10% alumi-
num. That means aluminum is helpful for enhancing strength
and hardness of Terfenol-D alloy. In our recent study, we
found that minor substitution of iron by beryllium in
Terfenol-D enhances hardness. In this study the effect of
aluminum and manganese on the mechanical properties of
TbFe2 was explored by hardness measurement. Hardness of
the studied alloys is listed in Table II. When only aluminum
is added (x50), the hardness ~Hv! increases from 540 to
602 indicative of strength enhancement. The result shows
that aluminum is also helpful for strengthening TbFe2 alloy,
not only the Terfenol-D.
Typical magnetic properties of the alloys studied are also
shown in Table II. Curie temperatures of Al and Mn modi-
fied TbFe2 alloys are dramatically decreased as compared
with the base alloy. The decrease is even more with increas-
ing Al. The Curie temperatures of rare-earth transition-metal
alloys depend on the exchange interaction between R–R,
R–T, and T–T, where R stands for rare-earth elements and T
for transition metals. The exchange interaction is strongest
among transition metals atoms. The interaction between rare-
earth elements and transition metals is the second, and that
among rare-earth elements is the least. The dramatic de-
crease in Curie temperature for the modified alloys implies
the occupancy of iron lattice sites by manganese and alumi-
num atoms, leading to the reduction in T–T and R–T ex-
change interaction. The suppression in Curie temperature is
worse for the substitution of aluminum, which is nonmag-
netic in nature.
Figure 3 shows the results of magnetostrictive measure-
ments. The aspect ratio ~ratio of length to diameter! of these
rods was greater than 3, and the saturation magnetization is
small, hence the demagnetizing effect is small and
neglected.18 The magnetostriction at 19, 1, and 0.5 kOe, re-
spectively, obtained from Fig. 3 are also tabulated in Table I.
The l19 for the TbFe2 alloy reaches a maximum value of
1968 ppm among the alloys studied, indicating that addition
of Mn and Al decreases the l19 value of the Terfenol alloy.
The inset of Fig. 3 depicts that magnetostrictive properties at
low magnetic field are greatly improved by the addition of
both manganese and aluminum. The magnetostriction value
is distinctly greater than that of the base TbFe2 alloy at low
TABLE II. Magnetic properties and hardness of Tb~Fe0.9MnxAl0.12x)2 and
TbFe2 alloys.
Alloy
M sa
~emu/g!
M r
~emu/g!
Hc
~Oe!
Hardness
~Hv!
Tc
~°C!
x50 61.51 17.62 0.31 600 313
x50.04 75.56 12.51 0.20 600 329
x50.06 74.69 17.44 0.31 580 357
x50.08 78.53 16.91 0.25 580 364
x50.1 77.29 14.53 0.27 580 361
TbFe2 68.44 5.04 0.51 540 426
aM s stands for the largest magnetization value measured at 19.2 kOe.loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP lifield, especially when x50.04. At 1 kOe the l1 of the x
50.04 alloy is 250 ppm, compared with that of the base
alloy, 22 ppm. The low-field magnetostriction is thus more
than ten times enhanced for the x50.04 alloy relative to that
for TbFe2 under 1 kOe. This result may in part be explained
by preferred orientation, which is observed in Fig. 1~b!.
Clark et al. made a magnetostrictive model based on the cu-
bic Laves phase structure.19 They indicated that the magne-
tostriction along @111# (l@111#) is the largest for TbFe2 .
However, the lowering in coercivity for the substituted alloys
may imply the ease of domain wall motion due to the Mn
and Al additions. This is probably another reason for the
high magnetostriction at low field.
The dynamic strain coefficient d33 is defined as
d33[
dl i
dH .
The greater the value of d33 is, the better the alloys are in
transducer applications. The maximum value of d33 is de-
noted as d33(max) . The corresponding magnetic field of
d33(max) is denoted as Hdm . The change in l i is the most
sensitive at the Hdm field, which is the ideal working field.
Therefore, the smaller Hdm is better for transducer applica-
tions. Figure 4 displays d33 of different composition versus
applied field. The d33(max) increases from 9731029 Oe21
(TbFe2) to 36031029 Oe21 (x50.04), for which the Hdm
decreases from 1.62 kOe (TbFe2) to 0.562 kOe (x50.04).
Both the d33(max) and Hdm show obvious improvements for
the x50.04 alloy, as compared with the TbFe2 alloy. The
values of d33(max) and Hdm are also listed in Table III.
FIG. 3. Magnetostriction vs field of TbFe2 and Tb~Fe0.9MnxAl0.12x)2 alloys.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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DownFIG. 4. The dynamic strain coefficient d33 vs field of
TbFe2 and Tb~Fe0.9MnxAl0.12x)2 alloys.IV. CONCLUSIONS
The effect on structure, magnetic, and magnetostrictive
properties of adding both aluminum and manganese in the
Tb~Fe0.9MnxAl0.12x)2 system has been explored. The follow-
ing conclusions can be drawn from this study.
~1! X-ray diffractograms show that up to 6.67 at. % of
iron in TbFe2 can be replaced by Al and Mn to form Laves
phase with @110# or @111# preferred orientation when solidi-
fied in a copper mold.
~2! The lattice constant increases linearly with increasing
x, and can be denoted as: a(Å)57.3924– 0.3683x .
~3! When aluminum concentration is 6.67 at. % (x
50), hardness increases to a maximum of Hv 652, depicting
an increase in strength.
~4! The magnetostriction l at low field of the
Tb~Fe0.9MnxAl0.12x)2 alloy is distinctly greater than that of
TbFe2 base alloy. The l at 1 kOe of x50.04 alloy, 250 ppm,
is more than ten times higher than that of the base alloy.
~5! Addition of both Mn and Al improves the maximum
dynamic strain coefficient d33(max) and lowers the corre-
TABLE III. The d33(max) and Hdm values of Tb~Fe0.9MnxAl0.12x)2 and
TbFe2 alloys.
Alloy
d33(max)
(1029 Oe21)
Hdm
~kOe!
x50 170 1.61
x50.04 360 0.56
x50.06 210 1.30
x50.08 170 1.72
x50.1 190 1.54
TbFe2 210 1.75loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP lisponding field Hdm for Tb~Fe0.9MnxAl0.12x)2 alloys as com-
pared with the base alloy. When x50.04, d33(max) is 360
31029 Oe21 it is 1.7 times higher, while with a correspond-
ing Hdm at 0.562 kOe it is 3.1 times lower than those of the
base TbFe2 alloy.
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